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Like hallucinogenic drugs, full-field flickering visual stimulation produces regular, geometric hallucinations such as radial or spiral
patterns. Computational and theoretical models have revealed that the geometry of these hallucinations can be related to functional
neuro-anatomy. However, while experimental evidence links both visual flicker and hallucinogenic drugs to upward and downward
modulations of brain oscillatory activity, the exact relation between brain oscillations and geometric hallucinations remains a mystery.
Here we demonstrate that, in human observers, this link is bidirectional. The same flicker frequencies that preferentially induced radial
(10 Hz) or spiral (10–20 Hz) hallucinations in a behavioral experiment involving full-field uniform flicker without any actual shape
displayed, also showed selective oscillatory EEG enhancement when observers viewed a genuine static image of a radial or spiral
pattern without any flicker. This bidirectional property constrains the possible neuronal events at the origin of visual hallucina-
tions, and further suggests that brain oscillations, which are strictly temporal in nature, could nonetheless act as preferential
channels for spatial information.
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Introduction
“Form constants” are typical geometric patterns spontaneously
produced by the brain under the influence of drugs (Klu¨ver,
1928), flickering lights (Purkinje, 1819; Young et al., 1975; Becker
and Elliott, 2006; Allefeld et al., 2011; Billock and Tsou, 2012), or
clinical disorders such as epilepsy (Wilkinson, 2004; Billock and
Tsou, 2012) and migraine (Crotogino et al., 2001; Wilkinson,
2004; Billock and Tsou, 2012). These hallucinations are often
accompanied by a modulation of brain rhythmic activity (Shev-
elev et al., 2000; Crotogino et al., 2001; Wilkinson, 2004; Becker
and Elliott, 2006; ter Meulen et al., 2009; Allefeld et al., 2011;
Dubois and Vanrullen, 2011; Kometer et al., 2013; Muthukuma-
raswamy et al., 2013). During full-field flicker in particular, the
exact class of geometric pattern experienced—radial, spiral, grid,
etc.—depends on the precise flicker rate (Becker and Elliott,
2006; Allefeld et al., 2011; Elliott et al., 2012), and thus presum-
ably on the frequency of rhythmic brain activity. While theoret-
ical work (Ermentrout and Cowan, 1979; Bressloff et al., 2002)
has established a direct correspondence between the geometrical
structure of visual hallucinations and the spatial organization of
visual cortex (retinotopy and cortical magnification), the contri-
bution of brain oscillations is recognized but not fully under-
stood (Shevelev et al., 2000; Rule et al., 2011; Billock and Tsou,
2012; Kometer et al., 2013;Muthukumaraswamy et al., 2013). To
shed light on this issue, we conducted a two-part experiment
testing whether the effect of oscillatory frequency on the forma-
tion of geometric visual patterns is reciprocal.We first established
in a behavioral experiment (100 s uniform flickering display and
no actual shape on the screen) that radial and spiral patterns are
the most frequent flicker-induced hallucinations, and that radial
patterns dominate at lower flicker frequencies (10Hz), whereas
spirals are most probable between 10 and 20 Hz. Subsequently,
we recorded EEG while observers viewed static renditions of the
radial and spiral hallucinatory patterns (12 s steady image pre-
sentation, no flicker involved). Remarkably, the same flicker fre-
quencies that had preferentially induced radial or spiral
hallucinations on a uniform flickering display (no actual shape
on the screen) also showed selective oscillatory EEG enhance-
ment when observers viewed a static radial or spiral image with-
out flicker.
Materials andMethods
Behavioral experiment
Subjects. Eight volunteers (three females, aged 21–39, including two au-
thors) participated in the first behavioral part of the study. All subjects
had normal or corrected-to-normal visual function and no neurological
disorders.
Apparatus and stimuli. Intermittent photic stimulation was delivered
through a ganzfeld (i.e., a homogeneous visual field) flickering sinusoi-
dally from black to white at various frequencies, with a small black fixa-
tion dot at the center (17 different frequencies: 3, 5, 7, 8, 9, 10, 11, 12, 13,
14, 16, 18, 20, 24, 28, 33, and 40 Hz). The stimulation was provided
through a cathode raymonitor (resolution: 800 600; refresh rate: 160Hz)
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via the Psychophysics Toolbox (Brainard, 1997) running inMATLAB (The
MathWorks).
Procedure. Participants were seated at an 60 cm distance from the
flickering screen, with their head placed on a chin support, and in-
structed to fixate the black fixation dot at the center of the screen, keeping
their eyes open. The screen occupied 34.1 26 degrees of visual angle.
They attended four experimental sessions, with one trial (100 s dura-
tion) per flicker frequency in each session, pseudorandomly presented
(4*17 68 trials overall).
At the beginning of the first experimental session, subjects were ini-
tially provided with brief descriptions and example drawings of possible
hallucinatory shapes (pictures from Purkinje, 1819). They were in-
formed that colors and motion could also be perceived (and reported),
but that shape represented the variable of interest for our study. Subse-
quently they performed an average of three practice trials with flicker
stimulation at randomly determined frequencies, openly reporting what
they experienced and drawing sketches as necessary. The experimenter
discussed these reports with the observer to reach amutual consensus on
their classification. This discussion procedure was also repeated at the
end of each of the four experimental sessions.
During the four experimental sessions, at the end of each 100 s trial,
subjects were required to describe the experienced hallucinatory per-
cept(s) in an open written report. Moreover, they were asked to indicate
the experienced vividness (in a scale ranging from 0 to 10) of each re-
ported percept; they were also encouraged to make sketches of the per-
ceived shapes, either immediately after each trial, or at the very end of the
experiment.
Data acquisition and analysis. Behavioral reports were classified by the
experimenters in main pattern clusters, considering complex percept
classes resulting from sketches and descriptions of the hallucinatory phe-
nomena. The shape clusters were initially defined based on those pro-
posed by previous studies on flicker-induced illusions (Becker and
Elliott, 2006; Allefeld et al., 2011; Purkinje et al., 1819). Subsequently,
definitions were refined by the experimenters, based on subjects’ open
reports, to restrict the number of pattern classes. Six clusters were thus
identified: radial patterns, spirals, honeycombs, lines, spots, and general
(other) shapes. The cluster definitions were as follows.
Radial patterns include any radial structure, or series of straight lines
originating from a central point, including star and cross patterns—
corresponding to wheel, cross, sun, and star clusters in Allefeld et al.
(2011) and radial patterns in Becker and Elliott (2006).
Spirals include any spiral structure, or curved lines around a focal
point, with one or more arms, curving clockwise or counterclockwise—
corresponding to spirals, ripples, and tunnels in Allefeld et al. (2011) and
to spirals in Becker and Elliott (2006). Note that to limit the number of
pattern classes, this definition also encompasses concentric patterns such
as rings or ripples, which are sometimes treated as a separate pattern class
(Allefeld et al., 2011). These patterns were very rare in our experiment,
however, with only two of eight observers reporting them, and a total
probability of occurrence2% (compared with48% for nonconcen-
tric spirals).
Honeycombs are a regular arrangement of smaller geometric units
pervading the screen, starting in the center, and spreading to the periph-
ery of the visual field, possibly smaller toward the center—correspond-
ing to honeycombs and rasters in Allefeld et al. (2011) and gratings in
Becker and Elliott (2006).
Lines are stripes moving around or distributed all over the screen,
zigzags, and solid, or dashed linear arrangements that could not be clas-
sified as radial or spiral patterns—corresponding to lines and bars in
Allefeld et al. (2011) and lines and zigzags in Becker and Elliott (2006).
Spots include generic blobs of light emerging throughout the screen—
corresponding to spots in Allefeld et al. (2011) and points in Becker and
Elliott (2006).
General shapes are all other percepts not classifiable in the previous
categories.
The probability of occurrence of each cluster was computed for each
subject and each flicker frequency. Then a global cluster probability was
computed by averaging across all subjects and all frequencies of stimula-
tion to evaluate the most frequently reported patterns. Radial and spiral
clusters showed the highest probability of occurrence with, respectively,
59 and 50% of the trials, and were thus chosen for further analyses. The
occurrence probability of other pattern clusters was as follows: honey-
combs 19%; lines 15%; spots 2%; general shapes 19%. Occurrence dis-
tributions for each subject and each pattern were fitted to Weibull
functions (nonlinear least-squares fit), and the peak frequencies of the
radial versus spiral distribution fits were compared across subjects with a
paired two-tailed t test. To estimate the frequencies at which the proba-
bilities of reporting radial versus spiral hallucinationsweremost different
(which may not be identical to the peak frequency of each pattern), for
each subject we computed the difference between the two distribution
fits (spiral–radial); theminimum andmaximum of this function (within
the range 2–25 Hz) gave us the frequencies at which radial and spiral
patterns (respectively) were more likely to occur than the other pattern.
We compared these frequencies across subjects with a paired two-
tailed t test.
For the purpose of the second part of the study, eight prototypical
static stimuli for radial and spiral patternswere created based on subjects’
reports and sketches, varying certain shape characteristics such as radius,
phase, and number of radial spokes or spiral arms. All shapes were pro-
duced as different transparent apertures of a gray uniform foreground
into the same textured background. The resulting geometric patterns
were then presented to the participants who rated their resemblance to
actually experienced hallucinatory patterns on a Likert scale (ranging
from 0, not at all to 3, completely resembling).
Two prototypical pictures were chosen, one radial and one spiral,
which scored the highest average value on the Likert scale (1.6 and 2.1 for
the radial and spiral pictures, respectively). The chosen images were then
equalized for luminance, contrast, and 2D Fourier power spectrum.
Electrophysiological experiment
Participants. Twenty volunteers participated in the second electrophysi-
ological experiment (11 female, aged 21–36, including one author). All
subjects had normal or corrected-to-normal visual function and no neu-
rological disorders.
Apparatus and stimuli. EEG and EOG were recorded at 1024 Hz using
an ActiveTwo BioSemi system (64 cranial and three ocular active elec-
trodes), while stimulus presentation was delivered through a cathode
ray monitor (resolution: 1024  768; refresh rate: 100 Hz) via the
Psychophysics Toolbox (Brainard, 1997) running in MATLAB (The
MathWorks).
Procedure. Participants were sitting at an 60 cm distance from the
screen, with their head placed on a chin support, and instructed to fixate
the black fixation dot in the center of the screen. They attended one
experimental session during which the two static pictures were pseudo-
randomly presented, 120 times each in 12 s trials. EEG and EOG record-
ings were acquired concurrently. The pictures subtended 36.5  27
degrees of visual angle.
Data acquisition and analysis. EEG recordings were downsampled off-
line to 256 Hz for data analysis via the EEGLAB (Delorme and Makeig,
2004) toolbox for MATLAB. Data were re-referenced to average refer-
ence, notch-filtered (band-stop 45–55 Hz) and high-pass filtered (cutoff
0.5 Hz), and then epoched from 1000 ms before to 12,000 ms after
stimulus onset. Baseline EEG activity from the prestimulus interval
(1000ms)was subtracted from each trial. Finally, all trials were visually
inspected for artifacts and eye movements, and potentially rejected;
channels containing abundant artifacts were discarded and replaced by
an interpolation of adjacent electrodes.
Grand-average ERPs (mean over trials) to radial and spiral trials were
compared across subjects using a paired t test (19 degrees of freedom, p
0.05, FDR-corrected for multiple comparisons across electrodes and
time points).
EEG spectral analyses were based on a single-trial time-frequency
transform from the EEGLAB (Delorme andMakeig, 2004) toolbox, akin
to a wavelet transformwith three cycles at 4 Hz and increasing linearly to
15 cycles at 45Hz. For each subject, the amplitudes of wavelet coefficients
were averaged over time, trials, and electrodes for each frequency. The
resulting amplitude spectra, expressed in decibels, were compared statis-
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tically across subjects using a paired t test (19 degrees of freedom, p 
0.05, FDR-corrected for multiple comparisons across frequencies).
Results
A first group of eight observers was instructed to report any oc-
currence of a geometric visual hallucination experienced during
full-field flicker at a frequency ranging from 3 to 40 Hz (17 dis-
tinct frequencies, 100 s trials repeated four times for each fre-
quency in randomized order, and free written report at the end of
each trial). The reports highlighted two classes of patterns that
were consistently perceived by all subjects: radial and spiral pat-
terns. For each of these two patterns, the probability of occur-
rence strongly varied depending on flicker
frequency, with amaximum at intermedi-
ate frequencies 10 Hz, as previously re-
ported (Shevelev et al., 2000; Becker and
Elliott, 2006; Allefeld et al., 2011). Impor-
tantly, this maximum frequency differed
systematically for the two patterns (Fig.
1): overall, radial-like hallucinations were
most likely to occur during flicker at 8.8
Hz and spiral-like hallucinations at 15.1
Hz; across individual observers, the max-
imal frequencies of 9.2  2.7 and 15.1 
2.0 Hz, respectively, for radial and spiral
patterns (mean  SD across observers)
were statistically different (paired t test,
t(7)  9.5, p  0.00003). Relative to one
another, radial hallucinations were more
likely to occur at4.4 2.2 Hz (mean
SD across observers) and spirals at
17.7 2.5 Hz (Fig. 1B). Again, the fre-
quency difference was highly significant
across observers (t(7)  11.3, p  10
5).
In conclusion, the first part of the study
revealed that different geometric halluci-
nations are produced by full-field flicker
at different optimal frequencies.
Next, we asked whether the relation
between flicker frequency and geometric
shape could be reversed: do actual (rather
than illusory) radial and spiral images in-
duce different brain oscillatory responses?
Based on subjective reports and drawings
previouslymade by the first group of eight
observers, two static prototypical pictures
of the illusory patterns (one radial and
one spiral) were created and subsequently
validated by the observers. The two result-
ing stimuli were equalized for luminance,
contrast, and 2D Fourier power spectrum
(Fig. 2A) and used in the second part of
the study, aimed at investigating the oscil-
latory brain activity associated with their
perception. A distinct group of subjects
(N  20) undergoing EEG and EOG re-
cordings passively viewed each picture
120 times (in randomized order), stati-
cally displayed at the center of the screen
for 12 s. During each trial they were sim-
ply instructed to fixate a black point at the
center of the screen. Trials with eyemove-
ments visible in EOG traces were rejected
from analysis.
The ERPs elicited in response to stimulus onset were com-
pared statistically between the two patterns (Fig. 2B). The first
statistical difference (paired t test, 19 degrees of freedom, p 0.05
FDR-corrected for multiple comparisons across electrodes and
time points) appeared 135 ms after stimulus onset over occipito-
temporal electrodes, most prominently on the right side. Impor-
tantly, no early occipital differences were visible, suggesting that
the two stimuli activate early visual cortex to the same extent (as
expected due to our image equalization procedure). Instead, the
occipitotemporal difference peaking at 170 ms is compatible
with activity recorded from shape-selective intermediate visual
Figure 1. Radial and spiral hallucinatory patterns are preferentially elicited by flicker at distinct frequencies. A, Probability of
occurrence of each hallucinatory pattern in relation to flicker frequency. Error bars represent SEM across observers (N 8). Thick
background lines represent the best-fitting Weibull function to the grand-average data, with vertical arrows pointing to the
corresponding peak frequency on the x-axis. Each colored vertical line in the background denotes the peak frequency for reporting
a radial (blue line) or a spiral pattern (red line) of an individual subject (line thickness indicates the number of subjects with the
same peak frequency). The difference in peak frequencywas statistically significant across observers (paired t test, t(7) 9.5, p
0.00003).B, Difference between report probabilities of the two shapes (black line; error bars represent SEM across observers). The
shadedgray area indicates themeandifference (SEMacross observers) betweenWeibull-function fits of individual subjects. The
minimum andmaximum frequencies for this difference are 4 and 17 Hz, respectively. Each colored vertical line in the background
denotes theminimum(blue line) andmaximum(red line) frequencies of an individual subject (line thickness indicates the number
of subjects with the same frequency).
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areas (Gallant et al., 1993; Allison et al.,
1999). We thus selected for further analy-
sis the two occipitotemporal electrodes
(P8 and PO8) with maximal differential
activity.
For each trial, EEG data from selected
electrodes were subjected to a wavelet-
based time-frequency transform. The
amplitude of wavelet coefficients was av-
eraged over trials, time points, and elec-
trodes, separately for the two geometric
shapes. The resulting amplitude spectra
were compared statistically (Fig. 2C). Sys-
tematic spectral differences were visible
(p  0.02, FDR-corrected for multiple
comparisons across frequencies), such
that lower frequencies (4–6 Hz) were rel-
atively enhanced by viewing the radial
pattern, and higher frequencies (11–21
Hz) by the spiral shape. This pattern of
EEG spectral differences during static
viewing of real shapes is strikingly similar
to the difference in behavioral reports of
illusory shapes induced by flickering stim-
ulation (compare Figs. 1B, 2C). We also
verified that the spectral differences were
not indirectly caused by systematic varia-
tions in eye movements: no significant
spectral difference was found when per-
forming the same spectral analysis on hor-
izontal and vertical EOG channels.
Discussion
A number of previous studies have inves-
tigated flicker-induced hallucinations (ter
Meulen et al., 2009). In particular, Becker
and Elliott (2006) and Allefeld et al.
(2011) varied flicker frequency in a sys-
tematic way and measured concurrent
changes in the probability of perceiving
different geometric hallucinations, as
done in our behavioral experiment. Al-
though the various studies are difficult to
compare because of several factors (spe-
cifically: different definitions of pattern
clusters, different ranges of flicker fre-
quencies investigated, use of CRT screen
flicker in our study vs LED flicker in past
studies, use of sine-wave flicker in our
study vs square-wave in past studies, lon-
ger stimulation durations of 100 s at fixed
flicker frequency in our study vs 60 s and
30 s in Becker and Elliott, 2006 and con-
tinuous frequency sweeping at 0.1 Hz/s in
Allefeld et al., 2011), it is worth noting
that all studies described relatively high
probability of occurrence for radial and
spiral patterns (Becker and Elliott, 2006
measured an occurrence probability of 27
and 22% for radial and spiral patterns, re-
spectively). Importantly, the two classes of
patterns were optimally elicited at differ-
ent flicker frequencies (12 and 17 Hz for
Figure 2. Radial and spiral images preferentially enhance distinct brain oscillatory frequencies. A, Facsimile versions of the
radial and spiral hallucinatory patterns. These two images, equalized for low-level properties, were presented statically for 12 s
while EEG responses were recorded. B, ERPs to trial onset revealed that differential activity between radial and spiral images was
restricted to occipitotemporal sites (scalp-topography time line on top) and at relatively long latencies (peaking at170ms). The
background grayscale indicates significance of a paired t test across observers (N 20; p 0.05, FDR-corrected for multiple
comparisons across electrodes and time points). The enlarged scalp map illustrates the topography at the time of maximal
difference. The two highlighted points on this map mark the electrodes on which the ERP displayed underneath was computed,
and which were selected for further analysis. C, Spectral power differences between EEG signals recorded during static viewing of
radial versus spiral images. Thebackgroundcolors indicate significanceof apaired t test across observers ( p0.05, FDR-corrected;
strongest color for p 0.02, FDR-corrected), with blue denoting frequencies of higher power for radial images (peaking between
4 and 6 Hz) and red higher power for spiral images (peaking between 11 and 21 Hz).
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radial and spiral patterns, respectively, in Becker and Elliott,
2006) that match reasonably well the ones reported here (9 and
15 Hz; Fig. 1A). Therefore, despite the abovementioned differ-
ences, our behavioral findings are globally consistent with past
observations of frequency-dependent geometric hallucinations.
Furthermore, we show here for the first time that this frequency
dependence can be reversed, i.e., that the relation between oscil-
latory frequency and geometric shape perception is bidirectional.
A recently discovered illusion called the “flickering wheel”
revealed that a static radial geometric pattern (a wheel with 32
spokes) could induce a resonancewith a specific brain rhythm (in
the alpha range, 8–12Hz), which could be directly experienced as
an illusory flicker (Sokoliuk and VanRullen, 2013). The present
study implies that this “geometric resonance” could be a more
general phenomenon, with different shapes amplifying different
frequencies (though not always above the threshold of flicker
perception: none of the subjects in the EEG experiment reported
perceiving flicker within the static radial or spiral pattern). Most
importantly, it demonstrates that the association is bidirectional,
such that activation of the specific frequency through flicker can
also produce an illusory image of the corresponding shape. The
observed bidirectional link between geometric patterns and brain
rhythms can inform us about the processing of visual shape and
the role of oscillations in the human brain. What neural mecha-
nisms could underlie such a bidirectional relation?
One possibility follows from an influential model of pattern
formation (Rule et al., 2011) in which periodic stimulation (i.e.,
flicker) interacts with lateral inhibition mechanisms in primary
visual cortex to create geometric activation patterns. In a certain
range of stimulation frequencies (which depends on neuronal
time constants and other parameters), the model produces par-
allel cortical stripes; in turn, horizontal and diagonal stripes in
cortex, when translated to visual-world coordinates, correspond,
respectively, to perceived radial and spiral shapes (Ermentrout
and Cowan, 1979; Bressloff et al., 2002). In the context of this
model, the present behavioral findings (Fig. 1) would imply that
flicker frequency influences the orientation of activity stripes in
cortex. In counterpart, the present EEG results (Fig. 2) suggest
that cortical stripe orientation could directly affect the frequency
of brain rhythms in the 4–20 Hz range.
A second possibility is rooted in recent experimental work
revealing a negative gradient of optimal stimulation frequencies
from primary to higher level visual areas (McKeeff et al., 2007;
Gauthier et al., 2012; Rossion, 2014); for example, the optimal
stimulus to activate face-selective higher visual areas is a face
flickering at low frequencies (5 Hz), whereas V1 will be most
activated at higher frequencies (20 Hz). Assuming that radial
and spiral shapes are preferentially processed in two distinct cor-
tical regions or subregionswith two different optimal stimulation
frequencies, it becomes conceivable that visual flicker around one
or the other frequency, in the absence of any actual shape input,
could be sufficient to elicit an illusory image of the corresponding
pattern—radial or spiral—depending on the frequency and
hence on the activated region (Fig. 1). One might even imagine
that the abovementioned pattern formation mechanisms in V1
might be frequency independent but instrumental in providing,
through feedback circuits, the missing shape input to frequency-
selective higher brain regions (Billock and Tsou, 2007, 2010).
This idea is compatible with recent experimental and theoretical
observations suggesting that geometric hallucinations could
originate, at least in part, in higher visual brain regions (Ffytche,
2008; Kometer et al., 2011, 2013; Froese et al., 2013). It is also
consistent with the topography of the EEG effects (Fig. 2), high-
lighting occipitotemporal regions known to support higher level
visual processes. To complete the explanation, one would also
need to assume that a static presentation of the visual pattern
preferentially processed by one or the other brain region would
initiate rhythmic activity in the corresponding region at the cor-
responding frequency (Fig. 2). This would amount to a system in
which those brain regions (and possibly all of visual cortex) work
as an FM radio, with specific frequencies in the 4–20 Hz range
carrying different information content from different “stations.”
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